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Abstract 
The Embalse nuclear power station (CNE) is a CANada Deuterium Uranium (CANDU) reactor. The CANDU reactor pressure 
tubes are made of a Zr-1EDOOR\7KLVDOOR\KDVDELSKDVLFVWUXFWXUHĮ=Uȕ1EEHLQJWKHĮ-Zr phase the majority phase. One of 
the acceptance criteria for the Zr-2.5Nb alloy pressure tubes of the CNE is based on the Į-Zr phase width. This measure is carried 
out by scanning electron microscopy and manually measured by software. Confirmation of these measures is performed by 
transmission electron microscopy. This paper aims to develop and adjust a semiautomatic method for measuring the Į-Zr phase 
width, in order to minimize the influence of the human factor. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of SAM– CONAMET 2014. 
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1. Introduction 
The Embalse nuclear power station (CNE) is a CANada Deuterium Uranium (CANDU) reactor. This kind of 
station uses for their pressure tubes a Zr-2.5Nb alloy. The final heat treatment for this alloys is carried out at 400 °C 
for 24 KSDUWLDOO\GHFRPSRVLQJ WKH UHWDLQHGȕ-=USKDVH § 1E LQWRĮ-=U § 1% Nb DQGȕ-1E§ 85% Nb),  
REWDLQLQJDELSKDVLFVWUXFWXUHĮ-=Uȕ-Nb, being the Į-Zr phase the majority phase (R. Choubey et al. (1996); M. 
Griffiths and J. E. Winegar (1994)). 
One of the acceptance criteria for the Zr-2.5Nb alloy pressure tubes of the CNE is based on the Į-Zr phase width. 
This measure is carried out by scanning electron microscopy (SEM) and it is manually measured by software. For 
each sample, about 20 micrographs are taken of the axial-normal face (see Fig. 1) at 20000x. Between 200 and 300 
measures are carried out for each micrograph, resulting in about 5000 manual measurements for each sample. 
Taking this into account, the person responsible for conducting such measurements is expected to be an important 
factor in the outcome. 
Variations may be introduced into the measurement results in two different ways: firstly the brightness and 
contrast conditions at which the micrograph is taken, and secondly the human factor in the manual measurement. 
In a previous work, we compared the brightness and contrast influence in the micrograph when being analyzed by 
software (M. Lani Saumell et al. (2012)). It was found that the brightness and contrast conditions at which the image 
is obtained may introduce measurement variations in the order of 50%. This led us to look for a further image 
treatment in order to minimize the operator influence on the micrographs. Once this treatment was applied, the 
difference between conditions was less than 1% (M. Lani Saumell et al. (2012)). 
We also proSRVHGD VHPLDXWRPDWLFĮ-Zr phase measuring method that allows us to become independent of the 
KXPDQ IDFWRU LQ ERWK WDNLQJ WKH PLFURJUDSKV DQG PHDVXULQJ WKH Į-Zr phase width, obtaining data that can be 
reproduced by other equipment and operators. 
 
 
 
 
 
 
 
Fig. 1. (a) Axial-normal face; (b) tangential-normal face; (c) radial-normal face. 
Nomenclature 
A,a Maximum and minimum level for Xmin 
B,b Maximum and minimum level for Xmax 
C,c Maximum and minimum level for k  
k Standard deviation based limit 
SNT Yaguchi “signal-to-noise” ratio 
Tmin Lower tolerance limit 
Tmax Upper tolerance limit 
Xmax Upper limit for valid data 
Xmin Lower limit for valid data 
Yi, Ym  Semiautomatic, manual mean width IRUWKHĮ-Zr phase 
Ymax Maximum extreme reference value 
Ymim Minimum extreme reference value 
ı Standard deviation 
μ Mean width value 
(a) (b) (c) 
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1.1. Pressure Tube Characterization 
The back and front ends of five rolled pressure tubes in conditions of entering into service (samples Lback and 
Lfront) and the end of an extruded pressure tube (sample M1B1) were characterized.  
7KHPLFURVWUXFWXUHRIWKHUROOHGWXEHVFRQVLVWVRIHORQJDWHGĮJUDLQVRULHQWHGLQWKHUROOLQJGLUHFWLRQVXUURXQGHG
E\ YHU\ ILQH ȕ JUDLQV. TKH Į JUDLQV RI WKH H[WUXGHG WXEHs are less elongated and do not have strong preferential 
orientation, while tKH ȕ JUDLQV DUH XVXDOO\ ODUJHU WKDQ WKRVH SUHVHQW LQ WKH UROOHG WXEHV IDFLOLWDWLQJ WKHLU
characterization.  The comparison of both structures can be seen in Fig. 2. 
The rolled pressure tubes were characterized by SEM, using the traditional manual measurement method. TEM 
measurements were DOVRSHUIRUPHG DW RQHEDFN HQG DQGĮ-Zr DQGȕ-1ESKDVHVZHUHGHWHUPLQHG7KHĮ-Zr phase 
width was measured by TEM for one of the samples. 
SEM and TEM measurements were DOVRSHUIRUPHG WR WKHH[WUXGHGSUHVVXUH WXEHVDPSOH0%DQG WKHĮ-Zr 
phase width was measured by TEM.  
)RUWKHH[WUXGHGWXEHWKHSKDVHVDUHĮ-Zr §1EDQGȕ-=U§1E 
The semiautomatic method was applied to all the sampOHVLQRUGHUWRPHDVXUHWKHĮ-Zr phase. 
2. Experimental procedure 
2.1. Semiautomatic measurements 
For semiautomatic measures, in order to standardize the micrographs and become independent of the conditions 
under which they were taken, the images were treated using the Scandium program as follows: 
x Optimize contrast 
x If the micrograph was taken at 16 bits, it was transformed to 8-bit (grayscale) 
x The maximum and minimum values of the brightness histogram were enclosed, so that the histogram bell 
UHSUHVHQWVWKHĮ-Zr phase with the least possible error. 
 
2QFHWKHLPDJHZDVWUHDWHGDJULGRISDUDOOHOOLQHVVHSDUDWHG§PWKLVGHSHQGVRQWKHUHODWLRQVKLSPSL[HO
ZDVVXSHULPSRVHGRQWKHPLFURJUDSKDQGWKHOHQJWKVRIWKHLQWHUVHFWLRQVZLWKWKHĮ-Zr phase were measured using 
the Scandium program. 
Due to the high anisotropy of the Zr-2.5Nb microstructure, for each micrograph grids must be made at different 
angles in order to sweep 360º. Automatic measurements were made RI WKH LQWHUVHFWLRQVRI WKHĮ-Zr phase with 6 
grids of parallel lines at 0°, 30°, 60°, 90°, 120° and 150°. 
An example of this overlap can be seen in Fig. 3. 
  
 
Fig. 2. (a) TEM image for an extruded pressure tube; (b) TEM image for a rolled pressure tube. 
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Fig. 3. 60° grid overlap. 
In order to calculate WKHĮ-Zr phase width using the semiautomatic method (Yi), we used the same micrographs 
than those used in the manual method. For each sample there were about 20 micrographs, to which we applied the 
method described above. 
For each image and angle, we obtained a series of data which were treated independently. 
2.2. Data treatment 
The raw data obtained is strongly biased towards lower values than those obtained manually, largely due to the 
high accumulation of values under 10 nm. Noticing that no manual measurement is lower than 80 nm or greater than 
720 nm, we believe that values well below or well above these can be considered software measurement errors. 
Enclosing the data, these cease to be strongly biased towards low values, and the calculated mean width with the 
semiautomatic method (Yi) is closer to the manual mean width (Ym).  
The larger the amount of data to assess the greater the probability of including values that may be considered as 
software measurement errors. However, if the amount of data to be evaluated is small, there is a chance of discarding 
valid data. 
In order to avoid discarding valid data, we applied a first limit using a wide data range, and a second limit based 
RQWKHPHDQDQGWKHVWDQGDUGGHYLDWLRQı, enclosing the data between μ-Nı DQGNı 
When applying these two limits, the calculated mean width with the semiautomatic method (Yi) is close to the 
manual mean width (Ym).  
As a first approach we took DV D ILUVW OLPLW §  EHORZ WKH PLQLPXPPDQXDO YDOXH DQG § 40% above the 
maximum manual value. Using this criterion, all the values under 50 nm and over 1000 nm were discarded. 
To set the parameters we used the Taguchi method with a factorial arrangement of three variables with three 
levels (33) resulting in a total of 27 runs (D. C. Montgomery (1991)). The chosen parameters were k, the lower limit 
(Xmin) and the upper limit (Xmax). The values for these parameters can be seen in Table 1. 
Table 1. Parameters for the Taguchi method. 
 Level 
Parameter Low Medium High 
k 1 2 3 
Xmin (nm) No limit 30 50 
Xmax (nm) 1000 2000 No limit 
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Since our goal with the semiautomatic method for each and every sample is to be as close to the manual mean 
width as possible, the more favorable combinations are those that maximize the SNT ratio, given by 
¸
¹
·¨
©
§ 2log10 V
YiSNT     (1) 
The values that maximize the SNT ratio are: the medium and high k values (k between 2 and 3), the medium and 
high Xmin values (Xmin between 30 nm and 50 nm) and the medium and low Xmax values (Xmax between 
1000 nm and 2000 nm). 
Given that we are looking for the limits of Xmin and Xmax to cover as much data as possible, we performed a 
second analysis using the Taguchi method to enhance these limits. Table 2 values were used for this second analysis. 
Table 2. Parameters for the Taguchi method. Second analysis. 
 Level 
Parameter Low Medium High 
k 2 2.5 3 
Xmin (nm) 30 40 50 
Xmax (nm) 1000 1500 2000 
 
The maximum SNT value is given for k=2.5, Xmin=50 nm and Xmax=1000 nm. The semiautomatic method was 
run under these parameters. 
2.3. Youden-Steiner test 
A robustness study examines the sensitivity of a procedure when altering factors of importance. To assess the 
robustness we used the Youden-Steiner test (E. Karageorgou and V. Samanidou (2014)).  
In order to do this, we introduced several variations in a previous set of combinations. Each factor has two levels: 
maximum (denoted with capital letters: A, B and C) and minimum (denoted with small letters: a, b and c). For our 
method we use 3 factors resulting in 8 (23) combinations of experiments or runs. 
Combinations can be seen in Table 3. 
Table 3. Parameter combination for a 3 factor Youden-Steiner test. 
 Experiment Number 
Parameter 1 2 3 4 5 6 7 8 
Xmin A A A A a a a a 
Xmax B B b b B B b b 
k C c C c C c C c 
Result s t u v w x y z 
 
The absolute effect of each factor is calculated by the mean values obtained in the four runs containing that factor 
in capital letter and the one obtained in the four runs containing that factor in small letter. 
As an example we show the mean value of the factor Xmin = A, and the Xmin = a, being 
4
)( vutsA     (2) 
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4
)( zyxwa     (3) 
The absolute value of the difference between these two mean values is compared against the standard deviation, 
as 
V*2d aA    (4) 
If the difference between these two mean values is less than ¥2ı, a change in that variable will not have 
significant effects. If, however, the difference is greater than ¥2ı the variable is a key factor and influences 
significantly the final result. 
In a robust method, this difference does not exceed the value ¥2ı. 
For a preliminary assessment of our method, the maximum and minimum settings of each factor are: A=50 nm, 
a=30 nm, B=1500 nm, b=1000 nm, C=3 and c=2.5. 
Combinations can be seen in Table 4. 
Table 4. Parameter combination for the semiautomatic method. Youden-Steiner test. 
 Experiment Number 
Parameter 1 2 3 4 5 6 7 8 
Xmin (nm) 50 50 50 50 30 30 30 30 
Xmax (nm) 1500 1500 1000 1000 1500 1500 1000 1000 
k 3 2.5 3 2.5 3 2.5 3 2.5 
Result  s t u v w x y z 
 
These conditions were applied to the data obtained with the semiautomatic measures from the 10 rolled samples. 
The difference between capital letters and small letters were calculated and compared against ¥2ı. The standard 
deviations used were the ones of the reference values (manual measures). 
For the maximum and minimum settings afore mentioned, none of the differences between capital and small 
letters exceeded ¥2ı, therefore the method is robust. Values obtained are shown in Table 5. 
Table 5. Youden-Steiner test, applied to the semiautomatic method. 
 |A-a| |B-b| |C-c| ¥ı 
L1 back 14.30 7.80 7.87 131.51 
L2 back 16.46 6.73 7.75 88.46 
L3 back 14.91 6.28 7.74 141.18 
L4 back 17.16 5.49 7.50 115.58 
L5 back 18.22 15.19 8.53 118.10 
L1 front 19.36 11.96 8.70 142.52 
L2 front 20.61 8.61 8.29 120.83 
L3 front 23.84 2.58 5.49 118.41 
L4 front 13.30 24.34 9.08 110.93 
L5 front 14.98 7.53 7.73 91.89 
  
It can be seen that the most influential factor is Xmin and the less influential factor is k. 
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3. Results and discussion 
The CNE pressure tubes have an acceptance criteria based on the Į-Zr phase width. The tolerance for the back 
end is 33% below the mean width and 67% above the mean width (0.3 μm - 0.1 μm and 0.3 P 0.2 μm). For the 
front end the tolerance is 50% (0.4 μm ± 0.2 μm). 
The Į-Zr phase width obtained by the semiautomatic method (Yi), using k=2.5, Xmin=50 nm, Xmax=1000 nm, 
are shown in Table 6. 
Table 6. Į-Zr phase width, measured with the manual method, the semiautomatic method, and TEM. 
 TEM (nm) Ym (nm) Yi(nm) Dif % 
L1 back - 248 254 2.2 
L2 back - 244 242 -0.8 
L3 back - 254 242 -5.0 
L4 back 238 232 238 2.5 
L5 back - 275 311 12.8 
L1 front - 288 290 0.5 
L2 front - 333 273 -18.1 
L3 front - 238 186 -22.0 
L4 front - 272 344 26.3 
L5 front - 273 253 -7.5 
M1B1 328 - 409 24.6 
 
The percentage difference was calculated according to  
 
100% x
Ym
YmYiDif     (5) 
The results obtained with the semiautomatic method are within the required tolerances, except for “L3 front” 
which should be evaluated by the manual method or by TEM, in order to confirm its size. 
Deviations with the semiautomatic method are below 27%, which is within the expected deviations. 
For the “L4 back” sample, “Yi” matches the one obtained by TEM. 
Due to the large amount of data used in the semiautomatic method, the standard error is insignificant. Another 
criterion must be used in order to evaluate the data obtained by this method. 
We proposed a 15% above and below the mean width as an extreme reference value, in order to compare these 
values with the acceptance criterion. However, this only shows the mean width variation instead of the data 
performance. 
On this basis, we proposed as extreme reference values, the mean widths obtained as follows: 
 
x For Ymin, the mean width REWDLQHG ZLWK WKH IDFWRUV ;PLQ §  EHORZ the minimum manual value 
(Xmin=20 nm) and with no change for Xmax (Xmax=1000 nm)  
x For Ymax, the mean width obtained with the factors: no change for Xmin (Xmin=50 nm) and Xmax §
above the maximum manual value (Xmax=1300 nm)     
x In both cases, the standard deviation based limit (k) was not applied. 
 
These two values must be compared with the acceptance criterion: for the back end samples the mean Į-Zr phase 
width must not be under 200 nm (Tmin), nor over 500 nm (Tmax); for the front end samples the mean Į-Zr phase 
width must not be under 200 nm (Tmin), nor over 600 nm (Tmax).  
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The maximum, minimum and tolerance values are shown in Table 7. 
Table 7. Maximum, minimum and tolerance values for the semiautomatic method. 
 Ym Yi Ymin Tmin Ymax Tmax 
L1 back 248 254 231 200 281 500 
L2 back 244 242 216 200 268 500 
L3 back 254 242 225 200 268 500 
L4 back 232 238 216 200 263 500 
L5 back 275 311 276 200 339 500 
L1 front 288 290 250 200 319 600 
L2 front 333 273 234 200 299 600 
L3 front 238 186 149 200 206 600 
L4 front 272 344 321 200 379 600 
L5 front 273 253 231 200 278 600 
 
All the samples, except for “L3 front”, comply with the acceptance criterion. 
 
4. Conclusion 
The back and front end of five Zr-1EUROOHGSUHVVXUHWXEHVZHUHFKDUDFWHUL]HGDQGWKHĮ-Zr phase width was 
obtained by both manual and semiautomatic methods.   
We proposed an extreme reference value for the semiautomatic method, based on the data distribution, in order to 
compare these values with the acceptance criterion. 
 Although the automatic method has differences with the manual method, the values obtained by the 
semiautomatic method and its extreme reference values, fall within the expected tolerances. 
The robustness analysis of our method and its parameters settings shows that the semiautomatic method is stable, 
making it a good method to measure tKHĮ-Zr phase width. 
It is planned to evaluate this method with grids at different angles to those used in this work, in order to improve 
efficiency and reduce its difference with the manual method. 
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